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Carbon nanosheets are a unique nanostructure that, at their thinnest configuration, approach a single
freestanding graphene sheet. Temperature desorption spectroscopy TDS has shown that the
hydrogen adsorption and incorporation during growth of the nanosheets by radio frequency
plasma-enhanced chemical vapor deposition are significant. A numerical peak fitting to the
desorption spectra 300–1273 K via the Polanyi-Wigner equation showed that desorption followed
a second order process, presumably by the Langmuir-Hinshelwood mechanism. Six peaks provide
the best fit to the TDS spectra. Surface desorption activation energies were determined to be 0.59,
0.63, and 0.65 eV for the external graphite surface layers and 0.85, 1.15, and 1.73 eV for desorption
and diffusion from the bulk. In contrast to TDS data from previously studied a-C:H films Schenk
et al. J. Appl. Phys. 77, 2462 1995, a greater amount of hydrogen bound as sp2 hybridized carbon
was observed. A previous x-ray diffraction study of these films has shown a significant graphitic
character with a crystallite dimension of La=10.7 nm. This result is consistent with experimental
results by Raman spectroscopy that show as-grown carbon nanosheets to be crystalline as
commercial graphite with a crystallite size of La=11 nm. Following TDS, Raman data indicate that
the average crystallite increased in size to La=15 nm. © 2006 American Institute of Physics.
DOI: 10.1063/1.2187969
INTRODUCTION
Vertically oriented and freestanding carbon nanosheets
of 1–7 graphene layers thick have been synthesized via radio
frequency plasma-enhanced chemical vapor deposition rf
PECVD.1,2 This new morphological structure of carbon-
based materials has great promise in a number of applica-
tions. For example, as a cold cathode electron field emission
source, the very thin edges 1 nm of the sheets provide
the high field enhancement factor  necessary to promote
tunneling and the corresponding electron emission.3 Further,
the high specific surface area of the films suggests potential
applications for hydrogen storage and catalyst support struc-
ture for fuel cells. The growth environment, a CH4/H2
plasma, generates hydrogen atoms and ions that are readily
adsorbed and incorporated into the films. The high energy of
the plasma produces defects that affect the growth mecha-
nism as well as the physical properties of the film. It is the
purpose of this paper to measure the quantity of absorbed
hydrogen and to determine the partitioning and site locations
of the H atoms in the carbon nanosheets via thermal desorp-
tion spectroscopy TDS.
EXPERIMENTAL METHODS
Carbon nanosheets CNSs were deposited on clean,
vacuum annealed 440.075 mm3 tantalum substrates.
The growth parameters were 40% CH4/60%H2 at p
0.1 Torr and an rf power of 900 W. A thorough descrip-
tion of the inductively coupled rf PECVD growth system and
characterization of this material have been presented
elsewhere.2–5
Ex situ characterization was completed using a Hitachi
S-4700 scanning electron microscope operating at a beam
voltage of 15 kV and a beam current of 10 A for morphol-
ogy imaging and a Renishaw™ inVia™ micro-Raman
514 nm for crystalline measurements. For the Raman
study, three samples were tested as received and after TDS,
respectively.
Scanning electron microscopy SEM shows the verti-
cally oriented freestanding films to be approximately
1–2 nm thick and 600 nm high. A high-resolution transmis-
sion electron microscopy HRTEM study1 demonstrated that
there are approximately 1–7 layers of graphene planes that
make up the individual sheet, often terminated with edges of
1–3 graphene layers. Rhenium wires 0.125 mm diameter
were spot welded to the Ta substrates for resistive heating
from room temperature up to 1000 °C. Individual samples
were admitted into the preparation chamber p1
10−8 Torr, heated to 150 °C for 1 h to remove water, then
transferred into the surface analysis chamber p1
10−10 Torr for testing.
The analysis chamber is equipped with angle resolved
Auger electron spectroscopy ARAES, angle resolved x-ray
photoelectron spectroscopy ARXPS, and temperature de-
sorption spectroscopy TDS. The sample was positioned on
a carousel station to which power could be provided. The
sample was rotated and positioned in front of the cylindrical
mirror analyzer for selected surface analysis or on axis with
the ion source of an SRS RGA100™ quadrupole mass spec-
trometer QMS for TDS. The ion source of the mass spec-aElectronic mail: holloway@as.wm.edu
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trometer was encapsulated with an Au coated quartz enve-
lope fashioned with a 5 mm aperture on the axis to minimize
background effects and enhance spectral resolution.6 The
RGA was mounted on a linear motion feedthrough that fa-
cilitates the ion source to approach within 1 mm of the
sample. The plane of the Ta substrate and the entrance aper-
ture were in a parallel-plane geometry. Auger spectra of the
CNS showed a perfect graphite peak and no contamination.
An iris valve within the surface analysis system was ad-
justed to throttle the pumping speed, the minimum of which
for H2 is 88 l / s with the orifice diameter of 6 mm. A cus-
tomized LABVIEW™ program monitored the partial pressure
of various gas species in real time. The program synchro-
nized the pressure signals from the QMS, and the current/
temperature to the carbon nanosheets. A second customized
LABVIEW™ program was used to record and plot the spectra.
The partial pressure and TDS desorption rate are related
as
− V
dp
dt
+ Q = Sp , 1
where Q is the mass flow rate of desorption, S is the pump-
ing speed, p is the pressure, and V is the volume of the
surface analysis chamber. With the iris valve fully open, the
pumping speed S l/s to volume ratio is so large that
dp /dt S /Vp; therefore the contribution of −Vdp /dt can
be ignored.7 Equation 1 is therefore reduced to
Q  Sp . 2
For a single desorption energy, the H2 desorption process
follows the Polanyi-Wigner equation.8 The desorption rate
r is given by
r = −
d
dt
= 2 exp− EdkT  , 3
where k is Boltzmann’s constant, Ed is the activation en-
ergy of desorption, t is the time, T is the temperature in
Kelvin,  is the adsorbate fractional coverage, −d /dt is the
desorption rate and  is the preexponential factor. The physi-
cal meaning of  is generally related to the adatom vibration
frequency on the surface. Combining Eqs. 1–3, the partial
pressure pi and adsorbate fractional coverage  of a spe-
cies are related as
pi = CNi− didt  , 4
where Ni is the total number of adatoms which diffuse and
recombine with the same desorption activation energy Ed,i,
and C Torr s is a constant. For the convenience of numeric
computation, ptotal was scaled by a constant K to arbitrary
units ptotal
*
, where the maximum value of ptotal
* is set at 1000.
The relationship between time t and temperature is
T = 300 + 	t K , 5
where 	 is the temperature ramp rate. Combining
Eqs. 3–5,
ptotal
* T = KC
	
	
i
Niii
2 exp− Ed,ikT  , 6
where K, C, and 	 are the constants in the equation. Ni, i,
and Ed,i are the key parameters with specific physical
meanings as mentioned.
In previous research of Jong and Niemantsverdret,8 eight
different methods have been suggested to evaluate the de-
sorption parameters, N, , and Ed, from TDS spectra. How-
ever, none of them can adequately solve multipeak spectra
from a second order process. For instance, if the peak tem-
perature Tm is known, the desorption energy Ed can be
easily found by Redhead’s peak maximum formula
Ed = RTmlnvTm/	 − 3.46 , 7
where 	 is the same as Eq. 5. But this equation is only
valid for first order desorption processes and has to assume
 /	 as a constant.
To resolve multipeaks in empirical TDS spectrum, sev-
eral researchers9 utilized Gaussian curves to deconvolute
data. However, this method does not accurately account for
the kinetic process of desorption, which is conventionally
depicted by the Polanyi-Wigner equation.8
In this study, a MATLAB™ program was developed to fit
the empirical multipeak TDS spectrum ptotal
*  with a set of
parameters Ni, i, and Ed,i in Eq. 6. The program’s al-
gorithm is to use the sum of a series of independent Polanyi-
Wigner equations to simulate empirical data. This method is
consistent with Su and Lin’s10 work that used a similar algo-
rithm to simulate two-peak empirical TDS spectra. Our pro-
gram in MATLAB™ scripts can be found on AIP’s Electronic
Physics Auxiliary Publication Service EPAPS website free
of charge.27
RESULTS
Figure 1 is an SEM of a nanosheet sample after TDS.
The plan view image shows the random orientation and cor-
rugated nature of the nanosheets. Compared to as-grown
nanosheets,1,2 there is no visible change in the morphology
from the SEM following TDS up to 1273 K. Figure 2 is a
FIG. 1. SEM image of carbon nanosheets, grown on Ta substrate, shown
after TDS plan view. The plan view image shows the random orientation
and corrugated nature of the nanosheets. Compared to as-received
nanosheets, there is no change in morphology.
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cross-section view of a nanosheet sample grown on a Si sub-
strate, which has been cleaved to show the bulk layers of
carbon below the nanosheets.
Raman spectra of the CNS, before and after TDS, are
shown in Fig. 3. The initial D1356 cm−1 /G1581 cm−1 ra-
tio is 0.39, but this decreased to 0.29, or about a 25%
decrease after the vacuum annealing or TDS experiments to
1273 K.
TDS spectra were run at temperature ramp rates of 	
=25, 20, 15, 10, and 5 K/s to find the optimum resolution.
For each ramp rate, TDS was repeated with three samples.
Figure 4 shows comparative data at 	=25, 20, and 15 K/s
the slower ramp rates of 10 and 5 had poor resolution and
are not shown to retain figure clarity. Positioning the sample
5 mm from the entrance aperture of the quartz envelope of
the QMS in a parallel-plane geometry and applying 	
=15 K/s yielded the best resolution.
The total amount of H atoms released Ntotal is related to
the pressure p by
Ntotal =
2S
kTroom


0


pdt . 8
The average number of H adatoms released from a
44 mm2 carbon nanosheet sample was 3.81016 at.
±5% over three samples. The precise weight of the carbon
nanosheet sample is so small that an accurate measurement is
difficult, but a rough estimate indicates 0.02 mg/cm2, which
equals to 1 H atom for every 4.5 C atoms.
Figure 5 shows repeatable and representative TDS at 	
=15 K/s. According to our TDS experimental setup and re-
sults, C equals 10−20 Torr/ s and K equals 1.2109 Torr−1.
The experimental data were fitted by numerically integrating
Eq. 3 by assuming n subpeaks and thus n3 initial esti-
mates. The minimum number of subpeaks to give the best
quality of fit was found to be 6. The resulting curves were
summed following Eq. 6 and compared to the experiment
spectra to give a root mean squared error of fit. Subsequent
Brownian random search resulted in the best-fit parameters
shown in Table I with the least root mean square error of
0.3%. The only good fit to the data was a second order pro-
FIG. 2. SEM image of carbon nanosheets grown on Si substrate cross-
section view which has been cleaved to show the base layers of carbon
below the nanosheets. The vertically oriented freestanding films are approxi-
mately 1–2 nm thick and 600 nm high.
FIG. 3. Raman spectra of carbon nanosheets before and after TDS experi-
ment. The D 1356 cm−1 /G 1581 cm−1 ratio of the as-deposited material
was 0.39. The D /G ratio decreased to 0.29 after vacuum annealing
1273 K or TDS experiments 1273 K, indicating an increasing order and
grain growth in the material which we attribute to carbon relaxation and
recovery due to removal of adsorbed hydrogen.
FIG. 4. H2 TDS spectra from carbon nanosheet samples at temperature ramp
rates 	 of 25, 20, and 15 K/s. A ramp rate of 15 K/s yielded the best
resolution and was used for numerical peak fitting. Spectra collected at 	
=10 and 5 K/s did not yield adequate resolution and are not shown for
clarity.
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cess n=2, which represents recombination of H atoms be-
fore they leave the surface. The data from the numerical fit
for the peaks i=1–6 are shown in Table I.
The preexponential values required for the least rms fit
vary from 104.28 to 107.56 l / s for the specific hydrogen bond,
which is much lower than the conventional assignment of
1012–1014 l / s usually applied in TDS analysis. This is not
without precedent, however. Recently, several authors have
suggested an electron transition component in addition to the
vibrational energy transfer and reported values of  in the
104–106 l / s range.11
The integration of the individual peaks shown in Fig. 5
yields a concentration from the bulk layers five times greater
than the surface see Table I. Further, during the TDS pro-
cess, no atomic H was detected; only H2 and negligible
amounts 0.1%  of other desorbed gases were observed.
Since the partial pressure of background gas-phase H2 is
negligible p110−10 Torr, impingement of hydrogen on
the surface is also negligible. Therefore, recombination by
the Eley-Rideal12,13 ER mechanism is highly unlikely, i.e.,
H from the gas phase combining with H adsorbed on the
surface. Conversely, the Langmuir-Hinshelwood12,13 LH
mechanism is a more likely explanation for the observed
TDS kinetics, i.e., H adatoms diffuse on the surface, collide,
and recombine to H2 before desorption.
DISCUSSION
The growth of the CNS by inductively coupled rf
PECVD with 40% CH4/H2 at 0.1 Torr and T680 °C
generates a sheet growth rate of 0.5 nm/s. The thickness
of the sheets varies from 1 to 7 graphene layers with termi-
nation edges of 1–3 graphene layers.5 A schematic represen-
tation of an individual sheet is shown in Fig. 6. The high-
energy plasma necessary to grow the ultrathin sheets is also
likely to generate a significant defect density as well as
adsorb/incorporate many hydrogen atoms. The Raman spec-
tra shown in Fig. 3 show a D /G ratio of 0.39 for represen-
tative as-grown CNS, which is very similar to that deter-
mined by Tuinstra and Koening14 for commercial grade
graphite 0.39. The structure of the CNS, after vacuum
annealing 1273 K for 10 min or after a TDS run
FIG. 5. H2 TDS spectra of carbon nanosheets 	=15 K/s with the corre-
sponding subpeaks from a numerical integration of the second order desorp-
tion equations. The minimum number of subpeaks required to produce the
best fit was 6. Fitting parameters are presented in Table I. Previously pub-
lished amorphous carbon film data from Schenk et al. Ref. 18 are also
presented for comparison.
TABLE I. Parameters calculated from the TDS data using Eqs. 3 and 6.
Peak i log10Ni log10i Ed,i eV Tpeak K  NiiNi 100%
1 14.47 6.38 0.596 445 0.78
2 15.42 5.56 0.653 550 6.87
3 15.39 4.28 0.636 650 6.86
4 16.08 4.50 0.847 820 31.91
5 15.91 5.48 1.15 948 21.42
6 16.08 7.56 1.73 1080 31.63
FIG. 6. A schematic of idealized carbon nanosheets shows the edges, sur-
face layers, bulk, and base layers. The majority of H2 comes from recom-
bination, diffusion, and desorption from the bulk layers. Inset a is a sche-
matic representation of a hydrogen atom adsorbed in an outward
configuration on a graphitic surface. Inset b is a schematic representation
of a hydrogen atom absorbed in an interior configuration on a graphitic
surface.
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300–1273 K for 2 min, showed no apparent morphology
change when observed by SEM, but the D /G ratio decreased
to 0.29. This decrease in the D /G ratio may also be con-
nected with desorbed hydrogen since H atoms can induce
tetragonalization puckering of the C atoms in the graphene
plane.13,15,16 Hydrogen adatom removal should promote pla-
nar relaxation back to a more ordered condition and allow
vacated carbon atoms previously H terminated to mend and
grow the graphene lattice. This is consistent with the work of
Schenk et al.,17,18 Biener et al.,19,20 and Zecho et al.;21 elec-
tron energy loss spectroscopy EELS and high-resolution
electron energy loss spectroscopy HREELS of a-C:H films
taken after annealing show a substantial shift towards sp2
graphitization. The  plasmon was observed to shift over
1.5 eV to plasmon energy of 6.5 eV when the hydrogen was
desorbed. This  plasmon energy is characteristic of pure
graphite.19,21 The carbon nanosheet films studied in this work
are more graphitic than the a-C:H films of Schenk et al.,
Biener et al., or Zecho et al. and appear to have adsorbed/
incorporated far less hydrogen in the growth process. The
x-ray diffraction XRD measurements5 of similar nanosheet
samples have shown a significant graphitic character with a
crystallite dimension of La=10.7 nm. The Raman data in
Fig. 3 of the as-deposited CNS indicate a narrow full width
at half maximum FWHM for the G peak of WG
=21 cm−1. Figure 6 indicates that the intensity ratio of the
D /G peak is 0.39. Using the empirical formula La
=4.4/ ID / IG nm in the work of Kurita et al.,22 the average
crystallite diameter for the ordered grains is 11.3 nm which
is in excellent agreement with the XRD measurements. A
similar calculation for the Raman data after TDS gives a
crystallite growth to La=15 nm.
Since we have limited our TDS to 1273 K and since
some C–H covalent bonds23 have been calculated to be in
excess of 4.8 eV e.g., on the edges, it is probable that not
all the adsorbed hydrogen has been desorbed. This is also
consistent with other researchers’ observations that 2800 K
is necessary to completely desorb all hydrogen.24 Peak fitting
of the TDS spectrum, presented in Fig. 5, shows six signifi-
cant subpeaks. The position of first two peaks 1, 2 at about
445 and 550 K are in good agreement with the experimental
data reported by Zecho et al.,15 for H atom adsorption on
highly oriented pyrolytic graphite HOPG surface. Our in-
terpretation is that the H atoms/ions are adsorbed on the
available in-plane sites of the C atoms, which are located on
the surface layers of the nanosheets. Figure 6 is an illustra-
tion of nanosheets showing the zones of edges, surface lay-
ers, and bulk layers. Specifically, the sites can be assigned to
peaks 1-2 on the top of surface C atoms projecting outward
Figure 6 inset a and/or on subsurface C atoms projecting
into the space between graphene layers Fig. 6 inset b. It is
known that half of the C atoms in the graphite lattice align
on top of each other with a distance of c /2 in the z direction
C1 sites and the other half align above the centers of the
six-member ring of the adjacent graphene planes C2 sites.16
In the case shown in inset a, H could be adsorbed on either
C1 or C2 sites. However, in the case shown inset b, the
attached C atoms could be only in C2 sites, where the H
atoms are also centered within the adjacent surface or bulk
hexagonal rings. In both cases, the hydrogen is bonded to the
surface C atoms in an sp3 hybridization fashion and causes
lattice distortion tetragonalization. The activation energy
for the 445 K peak was found to be 0.6 eV correction for
zero point energy gives a computed value of 0.83 eV. Our
measurements of 0.59 and 0.65 eV on the peak 1 445 K
and peak 2 550 K, respectively zero point energy ne-
glected, are close to the density functional calculations of
Ferro et al.12,13 and Zecho et al.15 Due to its similar activa-
tion energy of 0.639 eV, peak 3 660 K could also be as-
signed to the same group of H adsorbates. Based on the area
fraction of peaks 1, 2, and 3, 16% of the total H2 desorbed
from the CNS appears to have desorbed from the surface.
The high temperature peaks 4, 5, and 6 observed at
820, 948, and 1080 K indicate a concentration six times
greater than that of the low temperature peaks. These peaks
most likely represent H atoms adsorbed on sites within the
bulk. The mechanism for desorption of these H atoms is
either by interplanar diffusion of atomic H and surface re-
combination or by atomic H recombination and H2 molecule
diffusion directly between the layers to the external surface.
Normal orthogonal atomic diffusion through the layers has
a very high activation barrier of 4.13 eV,12 so, of course, is
far less probable. In Fig. 5, the data of Schenk et al.18 for
TDS from a-C:H film have been plotted to compare to the
data in this work. The overall TDS spectra are quite similar.
Peak 4 at 820 K in our work can be compared with the major
peak at 920 K in the work of Schenk et al. which they at-
tribute to sp3 hybridized CHx x=1–3. In the –CH configu-
ration, one H atom is bound to an sp3 hybridized C, which
connect to three adjacent C atoms. In the –CH2 configura-
tion, H atoms are bound to an sp3 hybridized C, which could
connect to two adjacent C atoms. In the –CH3 configuration,
H atoms bound to one sp3 hybridized C, could only connect
to one adjacent C atom. The difference in the peak tempera-
tures of desorption in our work compared to the work of
Schenk et al. on a-C:H films may be attributed to the dif-
ferences in diffusion and recombination from between the
planes of the more ordered graphitic structure compared to
an amorphous material. For the peak temperature deviation,
another possible reason probably is the concentration differ-
ence on sp3 hybridized CHx x=1–3 groups in carbon
nanosheets and a-C:H films, respectively. Carbon
nanosheets have long-range ordered graphitic structure
La10 nm. Therefore, this structure is unlikely to accom-
modate large populations of the three dimensional –CH2 and
–CH3 bonds in the graphene plane except at the crystal
boundaries. In our work, the hydrocarbon gases desorbed
were negligible 1%  which suggests that the desorbed
hydrogen is more likely coming from the aforementioned
tetrahedral –CH bonding to the C2 sites16 within the bulk.
Peak 6 at 1080 K can be compared to the peak of
Schenk et al. at 1150 K to which they attribute to sp2 hy-
bridized CHx x=1–2. As previously indicated by XRD
Ref. 5 and Raman spectroscopy, the nanosheets are much
more graphitic than the a-C:H films of Schenk et al.,17,18
Biener et al.,19,20 Zecho et al.,21 and the work of Wild et al.25
and, as such, peak 6 should be dominant in the nanosheet
spectra. Hydrogen bound to carbon in the sp2 hybridized
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bond most likely is at the crystal boundaries where dangling
bonds, vacancies, pentagon, and network disorder allow a
C–H structure to be accommodated. Peak 5 is not obvious
but is necessary to obtain a close fit consistent with the
Polanyi-Wigner equation. A possible explanation for this
TDS peak is hydrogen bonding on the C atoms of mixed
sp2 /sp3 hybridization, which occurs at defects in the bulk,
such as Stone-Wales defects.16,26 Desorption activation ener-
gies determined for the high-energy peaks found in our work
are 0.85, 1.15, and 1.7 eV. Since no atomic hydrogen is de-
tected in our TDS experiment, the energies represent the ac-
tivation barriers to interplanar diffusion and/or recombina-
tion, which are the two rate-limiting steps to molecular
desorption.
Ferro et al. make a compelling case for surface recom-
bination consistent with the Langmuir-Hinshelwood
mechanism.13 Their calculations suggest a 1.25 eV barrier to
migration of an isolated H atom, a 0.46 eV diffusion barrier
in the vicinity of another H adatom, and a 2.72 eV rate-
limiting barrier to recombination when the two H atoms are
less than a C–C bond length, all on a free graphene surface.
This last activation barrier is considerably higher than even
the highest desorption energy 1.7 eV determined in this
work, suggesting that this is not the primary bulk desorption
mechanism in nanosheets.
The normal interplanar spacing of graphite is16 d
=0.334 nm, and the graphene layers studied in this work
have an even larger separation5 d=0.34 nm because of the
reduction in c-axis confinement due to the lack of long-range
forces. The nanosheet interplanar distance is substantially
greater than the H2 molecular diameter of 0.271 nm, which
suggests that recombination may occur between the graphene
layers because H2 has room to diffuse as a molecule.
CONCLUSIONS
Temperature desorption spectroscopy of carbon
nanosheets grown by rf PECVD in a CH4/H2 plasma has
shown surface and bulk desorption peaks from the recombi-
nation of hydrogen atoms by the Langmuir-Hinshelwood
mechanism. Resolution of the peaks was accomplished by
numerical fit to the Polanyi-Wigner equation. The ratio of the
bulk to surface concentration was found to be 6/1. The
surface desorption activation energy of 0.59 eV has been fa-
vorably compared to several density functional calculations
reported in literature.12,13,15 Comparison of the carbon
nanosheet data to a-C:H films from other research17,18
shows similar TDS spectra, but with a greater hydrogen
bonding to sp2 hybridized carbon than sp3 hybridized car-
bon. This is expected since the carbon nanosheets are far
more graphitic than the amorphous films. The graphitic char-
acter is confirmed by XRD and Raman spectroscopy which
give La11 nm. Raman spectroscopy also showed a 25%
crystallite increase in the carbon nanosheets after TDS. This
grain growth has been interpreted as a combination of the
removal of the hydrogen, which permits surface relaxation,
recovery, and thermal ordering of the nanosheets. Finally,
since the C–H bonding energy on the edge of the graphene
sheet has been calculated as high as 4.8 eV and substrate
temperature as high as 3000 K is needed for complete hy-
drogen removal, it is probable that this TDS work does not
include edge-bonded hydrogen.
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